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Rab-Subfamily-Specific Regions of Ypt7p
Are Structurally Different from Other RabGTPases
In common with all Ras-related GTPases, Ypt proteins
cycle between an inactive GDP-bound state and an ac-
tive GTP-bound state. In the GDP-bound state, Ypt pro-
Alexandru-Tudor Constantinescu,2 Alexey Rak,2
Kirill Alexandrov, Heike Esters, Roger S. Goody,
and Axel J. Scheidig1
Abteilung fu¨r Physikalische Biochemie teins are predominantly cytosolic, solubilized through
the interaction with a protein known as GDP dissociationMax-Planck Institut fu¨r Molekulare Physiologie
Otto-Hahn Strasse 11 inhibitor (Gdi1p or Sec19p in yeast nomenclature [7]).
In the GTP-bound state, the proteins are membrane44227 Dortmund
Germany bound and interact with specific partner proteins,
termed effectors [8, 9]. It is believed that the nucleotide
state of the Ypt proteins is one of the key factors de-
termining the correct localization (both spatially and
Summary temporarily) of effector proteins and that fidelity of the
vesicular transport machinery is based on the concen-
The GTPase Ypt7p from S. cerevisiae is involved in tration ratio of their GTP- and GDP-bound states. The
late endosome-to-vacuole transport and homotypic GTP/GDP transition is controlled by the interplay be-
vacuole fusion. We present crystal structures of the tween two major classes of proteins: the GTPase-acti-
GDP- and GppNHp-bound conformation of Ypt7p vating proteins (generically termed GAPs, or Gyps for
solved at 1.35 and 1.6 A˚ resolution, respectively. De- Ypt proteins) on the one hand, and the nucleotide ex-
spite the similarity of the overall structure to other change factors (GEFs), able to stimulate the exchange
Ypt/Rab proteins, Ypt7p displays small but significant of GDP with GTP, on the other hand. The common key
differences. The Ypt7p-specific residues Tyr33 and feature of Ypt/Rab proteins appears to be the activation
Tyr37 cause a difference in the main chain trace of and/or recruitment of specific effector molecules to their
the RabSF2 region and form a characteristic surface sites of action (for recent reviews see [9] and [10]). Mu-
epitope. Ypt7p•GppNHp does not display the helix 2, tant Ypt/Rab proteins locked in the GDP state inhibit
characteristic of the Ras-superfamily, but instead pos- vesicular fusion, whereas most mutants locked in the
sess an extended loop L4/L5. Due to insertions in loops GTP state are able to enhance the rate of fusion [11].
L3 and L7, the neighboring RabSF1 and RabSF4 re- What is striking in the Ypt family is the very high speci-
gions are different in their conformations to those of ficity with respect to their target compartments and their
other Ypt/Rab proteins. effectors, in spite of the high sequence homology be-
tween the members of the family. Construction of chime-
ras between different Rab proteins [12] or Ypt proteinsIntroduction
[13, 14], followed by their in vivo characterization, gave
first hints on the structural determinants for the Rab/All eukaryotic cells contain multiple membrane-bound
Ypt specificity. A recent extensive sequence analysiscompartments. The membranes limiting these organelles
study of Rab proteins identified the presence of fiveare impermeable to biological macromolecules, and, as
Rab-family-specific amino acid stretches, termed RabFa consequence, transport of components between dif-
regions, which cluster in and around switch regions Iferent compartments is achieved using small transport
and II that are present in GTP-binding proteins. Fourvesicles via budding, vectorial transport, and specific
other regions, termed RabSF regions, have been high-membrane fusion.
lighted, which can be used to define ten subfamilies ofRas-related GTPases are small (ca. 20 kDa) mono-
Rab GTPases [15]. However, a more detailed understand-meric proteins controlling a multitude of cellular pro-
ing would come from comparing experimentally deter-cesses, from signal transduction and cell proliferation
mined structures of different Ypt/Rab proteins alone,to nuclear import and vesicular transport [1]. The small
or, even better, in complex with their effectors. In thisGTPases termed Ypt in yeast and Rab in higher eukary-
respect, the crystal structure of the active conformationotes are one of the key components of the transport
of Rab3a in complex with the specific effector proteinmachinery, with current evidence suggesting that they
Rabphilin3 [16], gave first insights into the manner incontribute to the specificity of vesicle targeting [2]. Ypt/
which Rab proteins are specifically recognized by cog-Rab proteins form the largest subfamily of the Ras-
nate effector proteins. This complex revealed three Rabsuperfamily, accounting for about one-third of its mem-
complementarity-determining regions (termed RabCDRsbers in yeast [3]. Each Ypt protein is localized to the
I, II, and III) that superimpose well with the later definedmembrane of specific intracellular compartments and
RabF and RabSF regions derived from the sequenceis highly specific for a particular transport step [4]. Mem-
analysis study [15].brane attachment is mediated by two geranylgeranyl
Ypt7p is one of the 11 members of the Saccharomycesmoieties posttranslationally linked to the C terminus (re-
cerevisiae Ypt family. Although the gene is not essential,viewed in [5, 6]).
its deletion leads to vacuole fragmentation and defective
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Table 1. Data Statistics for Ypt7pC10•GppNHp
Data Statistics
Beamline ID13/EMBL-ESRF
Temperature 100 K
Area detector MAR CCD
Wavelength 0.782 A˚
Space group P61
Cell dimensions a  b  76.69 A˚, c  117.96 A˚
Number of recorded reflections 223,356
Average redundancy 9.8
Rmergea 6.9% (29.1%)
Intensities (I/)b 13.1 (3.6)
B-factor from Wilson plot (A˚2 ) 39.7
Refinement Statistics (of the Partially Refined Model)
Resolution limit 2.2 A˚
Number of unique reflections 19,769
Completeness of data (%)c 99.0 (98.6)
Rcrystd/Rfreee (%) 27.2/29.8
Rmsd bond lengths (A˚) 0.006
Rmsd bond angle (deg.) 1.20
Mean/rms on B factors (A˚2 )
Backbone 50.5/24.3
Side chain 52.7/23.3
GppNHp 38.4/2.8
Solvent (30 water molecules) 42.7/4.4
a Rmerge  100  I  I/I, I is the observed intensity and I is the average intensity calculated from multiple observations of symmetry
related reflections.
b The value in parentheses is calculated for the highest resolution shell collected (2.2-2.1 A˚).
c The value in parentheses is calculated for the highest resolution shell used in refinement (2.3-2.2 A˚).
d Rcryst  |Fo  Fc|/hkl|Fo|, where Fo and Fc are, respectively, observed and calculated structure factor amplitudes.
e Rfree is an Rcryst calculated using 10% of the processed data (1977 reflections), chosen randomly, kept constant and omitted from all structure
refinement steps.
transport to the lysosome [17]. This and other data sug- bound forms, we have used two different C-terminally
gest that Ypt7p is involved in late endosome-to-vacuole truncated constructs of Ypt7p. Based mainly on results
transport as well as in homotypic vacuole fusion [18] obtained with Rab7 [22], we first decided to shorten
mediated by a large multiprotein complex termed class Ypt7p by 10 residues.
C-Vps complex [19] and HOPS [20], respectively, which With the Ypt7pC10 construct, we were able to crys-
specifically interact with the GTP-bound form of Ypt7p. tallize the 1:1 complex with the nonhydrolyzable GTP
Although the generic differences between the GTP- analogue GppNHp. The crystals belong to space group
and GDP-bound states are known [21], small variations P61 with two molecules in the asymmetric unit and
among several Ypt/Rab proteins in the same nucleotide- diffract to a minimum Bragg spacing of 2.1 A˚ (see Table
bound state are crucial for their function. Therefore, 1). The phase determination was performed by molecu-
the determination of their individual structures at high lar replacement using the coordinates of truncated
resolution is needed for a detailed understanding. With Ypt51p·GppNHp (PDB entry code 1EK0 [23]) as a start-
this in mind, we crystallized and solved the structure ing model. The partial refinement of this crystal structure
of Ypt7p in the GTP- and GDP-bound forms. According revealed that the first 6 residues (1–6) and the last 11
to the view that Ypt/Rab proteins act as molecular residues (188–198) were disordered and not defined by
switches[1], their effector proteins should recognize re- electron density. Crystal packing analysis indicated that
gions that alter their conformation upon GTP hydrolysis residues from switch I were clashing with residues from
(switch regions I and II). Furthermore, the specificity of switch II of a neighboring molecule. Moreover, the
the different effectors toward particular Ypt proteins C-terminal tail of a third molecule seemed to be inter-
also requires structural specificity markers for each Ypt posed between the switch regions of the first two mole-
protein. In the present study, comparison of the GTP- cules. Therefore, the refinement of the structural model
and GDP-bound conformations of a C-terminally truncated was stopped at that early stage (statistics of the partially
version of Ypt7p provides insight into those regions that refined model are given in Table 1), since it was clear
display nucleotide-dependent conformations, as well as that it would not have provided structural information
additional regions thought to be responsible for the on the most interesting parts of the molecule, namely
Ypt7p specificity. the switch regions and the N and C termini.
Based on these observations and the comparison with
recent crystal structures of Rab3a (visible residues 18–Results
186 [24]) and Ypt51p (visible residues 5–175 [23]), a
new construct lacking the last 26 residues of Ypt7p wasDesign and Crystallization of the Protein
designed, termed Ypt7pC26. With this second con-For crystallization and determination of the three-dimen-
sional structure of Ypt7p in the GDP-bound and the GTP- struct, we were able to obtain crystals in complex with
Crystal Structure of Ypt7p•GDP and Ypt7p•GppNHp
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Table 2. Data Statistics for Ypt7pC26•GppNHp
Data Statistics
Beamline ID14-1/ESRF
Temperature 100K
Area detector MAR CCD
Wavelength 0.934 A˚
Space group P212121
Cell dimensions a  40.14 A˚ b  60.67 A˚, c  73.54 A˚
Number of recorded reflections 124,357
Average redundancy 5.15
Rmergea 10.3% (18.1%)
Intensities (I/)b 8.1 (2.7)
B-factor from Wilson plot (A˚2 ) 20.3
Refinement Statistics
Resolution limit 1.6 A˚
Number of unique reflections 23,450
Completeness of data (%)c 96.2 (95.7)
Rcrystd/Rfreee 18.3/23.9
Rmsd bond lengths (A˚) 0.008
Rmsd bond angle (deg.) 1.824
Mean/rms on B factors (A˚2 )
Backbone 17.4/9.7
Side chain 23.7/16.6
GppNHp 	 Mg2	 12.8/2.9
Solvent (240 water molecules) 43.1/19.8
a Rmerge  100  I  I/I, I is the observed intensity and I is the average intensity calculated from multiple observations of symmetry
related reflections.
b The value in parentheses is calculated for the highest resolution shell collected (1.6-1.57 A˚).
c The value in parentheses is calculated for the highest resolution shell used in refinement (1.7-1.6 A˚).
d Rcryst  |Fo  Fc|/hkl|Fo|, where Fo and Fc are, respectively, observed and calculated structure factor amplitudes.
e Rfree is an Rcryst calculated using 8.0% of the processed data (1876 reflections), chosen randomly, kept constant and omitted from all structure
refinement steps.
GppNHp as well as with GDP, both of them in the space strands surrounded by 
 helices. However, there are only
group P212121. Despite the fact that the protein and the four (and not five, as usual) 
 helices since helix 
2
space group were the same, the crystals obtained for is structurally disorganized (see Figure 1). Ypt7p has
the two forms had different cell dimensions and crystal essentially the same main chain trace as other Ypt/Rab
packing. proteins including the glycine-induced bulge at the end
of the effector loop, L2, first described by Dumas et al.
[24]. The conformational differences between the struc-Structure Determination
We solved and refined the structure of Ypt7p ture of Ypt7pC26•GppNHp and the structures of
Rab3a•GppNHp, Ypt51p•GppNHp, and Sec4p•GppNHpC26•GppNHp using diffraction data extending to a mini-
mum Bragg spacing of 1.6 A˚, with an Rfree of 23.9% and are small but significant. In order to present and discuss
these differences, we will refer primarily to the high-an Rworking of 18.3%. The structure of Ypt7pC26•GDP
was refined to 1.35 A˚ resolution with an Rfree of 25.3% resolution structure of Ypt51p•GppNHp, since both pro-
teins come from Saccharomyces cerevisiae, are in-and an Rworking of 20.1%, respectively. The phase determi-
nation was performed by molecular replacement using volved in the endocytic pathways of vesicular transport,
and control linked steps in membrane transport. There-the coordinates of the partially refined structure of
Ypt7pC10•GppNHp (see above) without the bound nu- fore, they might be localized on the same organelle in
their activity cycle. Hence, despite the fact that theycleotide, magnesium ion, and water molecules. The final
refined model includes residues 2–182 for the GppNHp have some interacting proteins in common (the compo-
nents of the prenylation machinery, Gdi1p, etc.), theycase and residues 7–181 for the GDP form lacking resi-
dues 38–41 (part of loop L2) and residues 67–77 (part have to be able to differentiate between specific binding
partners. As an example, GDP release from Ypt7p can-of loop L4/5), one nucleotide, one magnesium ion, and,
respectively, 240- (GppNHp) and 172- (GDP) ordered not be stimulated by the guanine nucleotide exchange
factor Vps9p, which is an exchange factor for Ypt51pwater molecules. The data and refinement statistics are
given in Table 2 (Ypt7pC26•GppNHp) and Table 3 [25, 26].
The major differences in the main chain trace occur(Ypt7pC26•GDP). The refinement for the structural
model of Ypt7pC10•GppNHp was not completed (see at the N and C termini—residues 3–9 and 172–182—
(throughout the text, the residue numbering will be thatTable 1) since it would not have provided the desired
detailed information on important parts of the molecule. of Ypt7p, unless otherwise stated), the turn L3 between
 strands 2 and 3 (residues 49–59), the loop region
L7 between 
 helix 
3 and  strand 5 (residues 110–Overall Structure
119), and the tight turn L9 between 
 helix 
4 and Ypt7p displays a fold similar to that of other Ras-related
small GTPases, consisting of a core formed by six  sheet strand 6 (residues 148–151) (see Figure 2). In Ypt7p,
Structure
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Table 3. Data Statistics for Ypt7pC26•GDP
Data Statistics
Beamline ID14-1/ESRF
Temperature 100K
Area detector MAR CCD
Wavelength 0.934 A˚
Space group P212121
Cell dimensions a  49.51 A˚, b  55.18 A˚, c  60.20 A˚
Number of recorded reflections 263,110
Average redundancy 5.4
Rmergea 8.1% (30.8%)
Intensities (I/)b 15.77 (4.33)
B factor from Wilson plot (A˚2 ) 19.5
Refinement Statistics
Resolution limit 1.35 A˚
Number of unique reflections 36,543
Completeness of data (%)c 98.6(97.3)
Rcrystd/Rfreee 20.1/25.3
Anisotropicf Rcrystd/Rfreee 16.1/22.7
Rmsd bond lengths (A˚) 0.014
Rmsd bond angle (deg.) 2.130
Mean/rms on B factors (A˚2 )
Backbone 24.1/14.3
Side chain 28.9/16.2
GDP 	 Mg2	 22.1/3.7
Solvent (172 water molecules) 41.9/16.1
a Rmerge  100  I  I/I, I is the observed intensity and I is the average intensity calculated from multiple observations of symmetry
related reflections.
b The value in parentheses is calculated for the highest resolution shell collected (1.4-1.3 A˚).
c The value in parentheses is calculated for the highest resolution shell used in refinement (1.4-1.3 A˚).
d Rcryst  |Fo  Fc|/hkl|Fo|, where Fo and Fc are, respectively, observed and calculated structure factor amplitudes.
e Rfree is an Rcryst calculated using 6.5% of the processed data (2636 reflections), chosen randomly, kept constant and omitted from all structure
refinement steps.
f SHELX run in which anisotropic displacement was modeled.
the  turn L3 and L9 have one residue inserted, and the phane at position 63 are absolutely conserved in all
members of the Ypt/Rab family. The last residue of thisloop L7 four, compared with Ypt51p (see Figure 1B).
These differences in the size of the loops, taken together hydrophobic triad (at position 78) is phenylalanine in
Ypt7p and Rab7, whereas it is tyrosine in all other Ypt/with the differences in the amino acid sequence, explain
very well their observed conformational differences. Rab family members. The side chain of Phe78 in
Ypt7p•GppNHp is oriented toward the interior of theThese loops are on the same side of the protein as the
N and C termini (of the crystallized, truncated construct), protein, whereas the tyrosines at the corresponding po-
sition are oriented toward the surface of the respectivetogether forming a characteristic epitope on the side
opposite to the nucleotide binding pocket of the protein Ypt/Rab protein (see Figure 4). As a consequence, the
main chain trace between residues 42 and 45 of Ypt7p(see Figures 2 and 3). The differences are Ypt7p specific,
since the comparison between Ypt51p [23], Sec4p [21], displays a different trace compared with all other Ypt/
Rab protein structures. The main chain trace is shiftedRab3a [24], and Rab5c [27] reveal much less variation
in the main chain trace for these discussed regions. around 2 A˚ toward the switch II region, displaying the
maximum shift at the position of Ala43. Together withFurthermore, the electrostatic surface potential of this
area does not display large positively or negatively slightly different side chain orientations of the amino
acids Phe45 and Trp63, this feature is further evidencecharged patches as is usually the case for membrane-
interacting protein surfaces [28] (see Figure 3). Based for the structural plasticity of the RabF2/RabF3/RabF4
epitope.on these observations, it seems unlikely that this surface
is oriented toward the negatively charged membrane A striking feature is the extended loop L4 that starts
at position Ala66 and ends at position Gly81. In all othersurface at which Ypt/Rab proteins are anchored, but it
could be accessible for specific interacting proteins. known structures of Ypt/Rab proteins and other mem-
bers of the Ras superfamily, this region contains a well-The interface between the switch I and switch II re-
gions displays significant differences in the main chain defined 
 helix (
2). In contrast, the region between
residues 73 and 78 of Ypt7p•GppNHp is in an extendedtrace as well as in the side chain orientations compared
with the described structures of rat Rab3a, mouse loop conformation and not in the helical conformation
adopted by the corresponding residues of other struc-Rab5c, yeast Ypt51p, and yeast Sec4p. The structural
plasticity in this region was first highlighted by Merithew turally characterized small GTP-binding proteins (see
Figures 1 and 5). We believe that this is not a crystallo-et al. [27] in mouse Rab5c. This interface is mainly deter-
mined by the interaction of three aromatic amino acid graphic artifact for two reasons. First, the observed crys-
tal packing interactions in the P212121 crystal form do notside chains. Phenylalanine at position 45 and trypto-
Crystal Structure of Ypt7p•GDP and Ypt7p•GppNHp
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Figure 1. Ribbon Representation and Sequence Alignment of the Ypt7p•GppNHp Structure
(A) Secondary structure elements were determined by the program DSSP [42]. Since in the Ypt7p•GppNHp structure the helix 
2 is missing,
the loops L4 and L5 are forming one extended loop. The RabF and RabSF regions [15] were mapped on the Ypt7p sequence and are
highlighted. RabF regions are depicted blue, RabSF regions in red. The regions corresponding to the three complementarity-determining
regions of Rab3a [16] are labeled as CDR1-3. The bound nucleotide GppNHp is displayed in ball-and-stick representation.
(B) Sequence alignment between Ypt7p, Ypt51p, Sec4p, and Rab3a. Only residues visible in the crystal structures are included. For comparison,
the sequence and secondary structure elements of H-Ras p21 are included. The sequence alignment was performed with ClustalW [43],
manually adjusted to fit secondary structure elements and the final figure prepared with ESPript [44]. Despite the missing 
 helix 
2 in Ypt7p
(indicated by green dots), the secondary structure elements are labeled according to the general fold of small GTP-binding proteins. The red
dots at the end of the RabSF4 label indicate that this region extends till the C-terminal end of the full-length protein.
seem to induce the loss of a potential helical structure. strong enough to actively drive the melting of a helix
unless it is intrinsically unstable. Molecular dynamicsSecondly, the respective region could also not be traced
in the P61 crystal form (see Experimental Procedures). (MD) simulation over a time period of 4000 ps with a
modeled helix 
2 reveals that only this helical sectionHowever, in the P61 crystal form, the two switch regions
of two neighboring molecules were facing and possibly becomes unstructured, whereas all other 
 helices and
 sheets stay stable (data not shown). Therefore, thedisturbing each other. This suggests two hypotheses:
either the helix was partly unstructured before crystal lack of a helical structure from the beginning seems to
be most likely.contacts were created, and the extended loop could fit
in various positions; or the helix was actively unwound The observed extended loop might be a consequence
of the different packing between the above-describedduring the crystallization. It seems to be less probable
that the crystallization-promoting forces would be aromatic amino acids Phe45, Trp63, and Phe78. In par-
Structure
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Figure 2. Main Chain Trace of Ypt7p•GppNHp
Stereo representation of the C
-trace of
Ypt7p•GppNHp (in green) superimposed
onto Ypt51p•GppNHp [23]. Ypt51p is colored
blue and red in order to represent the quality
of the superposition. Regions of Ypt51p
showing main chain differences with rms de-
viation larger than 1.0 A˚ compared with Ypt7p
are depicted in red and are labeled. The su-
perposition and rmsd calculation were per-
formed with the program SAP [45]. The view
is the same as in Figure 1. The nucleotide
GppNHp of Ypt7p is displayed in ball-and-
stick representation.
ticular, the orientation of Phe78 prevents this loop from chain hydroxy group of Tyr33 forms a hydrogen bond
with the nucleotide sugar oxygen O2 (d  2.8 A˚) andadopting a helical backbone conformation (Figure 4).
Therefore, in addition to amino acids of the RabF2/ with the side chain OE1/NE2 (d  2.9 A˚) of Gln35. Both
side chain atoms of Gln35, OE1/NE2, are also involvedRabF4 epitope, the amino acids of the RabF3 epitope
display significantly different orientations. These de- in hydrogen bonding with Lys160-NZ (d  3.1 A˚). The
same interactions are seen in the GDP form of Ypt7p.scribed structural differences contribute to a substantial
difference in the charge distributions and surface topol- In both structures, the GXP base plane is tilted by about
11.3 compared with the position of the guanine-nucleo-ogy of Ypt7p, and most probably of Rab7, in view of the
sequence identity between Ypt7p and Rab7. tide base in other well-defined structures.
Tyr37 of Ypt7p (equivalent to Tyr32 of H-Ras p21) isIn the structure of Ypt7p bound to GDP, the electron
density in this area is poor and does not allow confident oriented away from the bound nucleotide, similar to
Lys36 of Ypt51p [23] and Gln50 in Rab5c [27]. Thus, ittracing of the amino acids of the switch I (residues 38–41)
and switch II (residues 67–77) regions. The switch II does not interact with the GTP, but it forms a hydrogen
bond between its side chain hydroxy group and the sideregion becomes ordered at the well-defined residue
Phe78, which in concert with Tyr79 is involved in hy- chain of His26, creating part of a hydrophobic surface
patch. However, the corresponding pair in Ypt51p anddrophobic interactions that include the conserved
Trp63. Rab5c (Leu25/Lys36 and Leu39/Gln50, respectively)
contains a hydrophobic and a charged residue. Tyr37
does not adopt a conformation facing the solvent andParticular Side Chain Conformations
Tyr33 is localized on top of the guanine base forming covering the nucleotide binding pocket, as observed for
Phe51 in Rab3a and Phe49 in Sec4p (see Figure 7). Thisan edge-to-face interaction with it. In most members
of the Ras superfamily, this residue is a phenylalanine might indicate a conformational difference between Ypt/
Rab proteins of the endocytic pathway and those of the(residue Phe28 in H-Ras p21). Comparison with Ypt51p,
Sec4p, Rab3a, and Rab5c reveals that the aromatic rings exocytic pathway. Following this rationale, we expect
the above described conformational difference in theof phenylalanine, and the corresponding tyrosine, over-
lap. However, the guanine base and the ribose sugar switch I region to be shared with Ypt1p and Rab1a,
since both these proteins have tyrosines at the samemoiety of the bound nucleotide is slightly shifted and
turned in the case of Ypt7p (see Figure 6), while keeping position.
The above-described aromatic residues at positionsthe - and -phosphate at the same positions. The side
Figure 3. Molecular Surface Representation
of Ypt7p
Differences in surface topology and charge
distribution between the GppNHp-bound
form of Ypt7p (A) and Ypt51p (B). The view
is related to the view of Figures 1 and 2 by a
90 rotation. The regions with major structural
differences are labeled. The molecular sur-
face colored according to the electrostatic
potential was calculated with the program
GRASP [39].
Crystal Structure of Ypt7p•GDP and Ypt7p•GppNHp
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Figure 5. Comparison of the Loop L4/L5 Region
Comparison of loop L4/L5 region between Ypt7p•GppNHp (green)
and Rab3a•GppNHp (transparent yellow).
(A) Representation of the electron density map (contoured at 1.75)
of Ypt7pC26•GppNHp between residues Gln68 and Arg80. Super-
imposed are the residues Gln68-Arg80 represented in ball-and-
stick, as well as the adjacent -strands 3 and 4.
(B) Superposition of the L4/L5 region of Ypt7p•GppNHp and theFigure 4. Conformational Changes of the Switch II Region
adjacent  strands 3 and 4 on Rab3a with the helix 
2 (repre-Comparison between the changes in the switch II region of Ypt7p
sented in transparent blue).(A) and Sec4p (B) upon GTP hydrolysis. The side chains of the
three aromatic Ypt7p residues Trp63, Phe78, and Tyr79 and the
corresponding Sec4p residues Trp74, Tyr89, and Tyr90 are repre-
sented in ball-and-stick model. In the GDP form (highlighted in ma- seen in the switch I and switch II regions. A small but
genta), these residues are superimposed with transparent van der significant difference in the main chain trace can be
Waals spheres. In the GppNHp form, the extended loop L4 and the observed for the tight  turn L3 (2/3) including resi-
side chains of the aromatic residues are colored in green. For clarity,
dues Val50 to Lys54. GTP to GDP hydrolysis leads tothe short helix 
2 of Sec4p is represented as a coil. In Ypt7p•GDP
the loss of the -phosphate group and, as a direct con-the residues 67–76 are not visible and are missing in the figure.
sequence, two hydrogen bonds, between O1G and the
amide hydrogen atom of Thr40 (part of loop L2) and
between O2G and the amide hydrogen atom of Gly6733 and 37 determine a significant variation in the surface
topology when compared with Ypt51p. In addition, the (part of loop L4), are lost. These are both considered to
be important interactions. These changes lead to largethree isoforms of Ypt5p (Ypt51p, Ypt52p, and Ypt53p)
have a positively charged residue at position 37, and structural rearrangements of the loops L2 and L4. In the
switch I region, residues Glu36 to Phe45 are displacedtherefore the charge distribution of this surface patch
is significantly changed. These two features might form by more than 1A˚. The largest displacement, of 8.7 A˚,
is observed for Ile41. Furthermore, residues 38–40 couldan important determinant for specificity of binding part-
ners for Ypt5Xp versus Ypt7p, enabling specific ef- not be traced at all in the electron density of
Ypt7pC26•GDP. Therefore, in Ypt7p the “switch I”fectors to discriminate between Ypt7p and Ypt5Xp.
region extends from residues 36 to 45, which is in ac-
cordance with the switch I region in Ras-p21 (residuesDifferences between the GDP and GppNHp Forms
The GppNHp- and the GDP-bound form of Ypt7pC26 30–38) and Sec4p (residues 48–56).
The second region which undergoes significant re-can be very well superimposed. The rms deviation for
162 C
 positions is 0.657 A˚ with the major differences arrangements upon GTP hydrolysis is the extended loop
Structure
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compared with Sec4p. This is mostly due to a hydropho-
bic interaction between Trp63 and Phe78, which pack
in an “edge-to-face” manner in the GTP state and in
a “face-to-face” mode in the GDP case, providing an
“anchor point” for the loop. The corresponding residues
in Sec4p (Trp74 and Tyr89) are too far apart to interact
(see Figure 4).
Discussion
We have presented the high-resolution crystal struc-
tures of Ypt7p in the GDP- and the GTP-bound confor-
mations. In order to obtain well-diffracting crystals for
both states, we have used Ypt7pC10 for initial crystalli-
zation trials. Based on its preliminary crystal structure
in complex with GppNHp, we further tailored the protein
by removing all the flexible or unstructured C-terminal
Figure 6. Nucleotide Binding Pocket of Ypt7p amino acids after the last 
 helix.
Tilting of the purine base due to the Phe→Tyr substitution in The presented differences in main chain and side
Ypt7p•GppNHp (green) versus Ypt51p•GppNHp (blue) [23]. The nu- chain conformations of Ypt7p compared with Ypt51p,
cleotide GppNHp and the side chain of Ypt7p-Tyr33 and Ypt51p-
Sec4p, Rab3a, and Rab5c, in addition to the sequencePhe32, respectively, are represented in ball-and-stick. The C
 posi-
differences, contribute to the structural plasticity andtion of the neighbored residues are indicated by spheres and labeled
the variations in both the surface charge distributionin green (Ypt7p) and blue (Ypt51p), respectively.
and surface topology within the Ypt/Rab family of pro-
teins. The observed structural differences are clustered
in areas which were recently highlighted as Rab-specificL4. Residues 67–77 could not be traced in the electron
density of Ypt7pC26•GDP, whereas residues Thr65, or Rab subfamily-specific regions [15]. For the RabSF2
region (part of the switch I region), Ypt7p displays, inAla66, and Phe78 to Gly81 have rms deviations above
1.0 A˚ when comparing the GDP structure with the GTP the GTP-bound form, a shifted conformation when com-
pared with other Ypt/Rab structures and a different sur-structure. The switch II region appears to be slightly
smaller than the corresponding region in Sec4p (equiva- face topology, mainly as a consequence of the two tyro-
sine residues Tyr33 and Tyr37. In the structure oflent residues would have been Thr65 to Ala82). Due to
the fact that in the GTP form, Ypt7p displays an extended Ypt7p•GppNHp, helix 
2 is unwound, which results in
an extended loop spanning from  strand 3 to 4,loop L4, the degree of rearrangement is smaller in Ypt7p
Figure 7. Distinct Conformations and Sur-
face Charge Distributions within Different
Switch I Regions
Distinct conformations within the switch I re-
gion of Ypt7p•GppNHp (in green) and
Sec4p•GppNHp (in blue). Overlay following
the superposition of the nucleotide atoms
(GppNHp) displayed in ball-and-stick repre-
sentation (in grey). The amino acids from resi-
dues 33–41 (Ypt7p) and from 45–53 (Sec4p)
are shown in ball-and-stick representation.
Residues of Ypt7p are labeled in green and
those of Sec4p in blue. The Sec4p model in
this figure was generated from the coordi-
nates of the GppNHp-bound form of Sec4p
[21]. The differences in the electrostatic sur-
face potential are represented in the lower
panel. The molecular surface colored ac-
cording to the electrostatic potential was cal-
culated with the program GRASP [39].
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including the RabF3 region. MD simulations revealed specific effector Rabphilin3a and a more recent exten-
sive sequence analysis of all known Rab proteins indi-that the intrinsic sequence of Ypt7p within this region
determines this feature. These two conformational cated that different regions are characteristic for the
Rab superfamily and for the Rab subfamilies. Based onchanges associated with the switch I and the switch II
region are likely to contribute to Ypt7p-specific binding the structural comparison of Ypt7p with different Ypt/
Rab proteins, it is evident that some sequence regionsof effector proteins and presumably help to discriminate
between Ypt7p and Ypt51p when they are located on for the subfamilies derived for mammalian Rab proteins
match very well with regions of Ypt7p that display signifi-the same membrane. Furthermore, due to insertions in
loops L3 and L7, the neighboring RabSF1 and RabSF4 cant structural variations (e.g., L7 and the N- and
C-terminal regions). However, there are further regionsregions are different in their conformation compared
with other Ypt/Rab proteins. Therefore, it is probable which have not been highlighted so far (e.g., L3 and L8).
In addition, the presented structures of Ypt7p in thethat this surface patch can serve as an additional binding
site for Ypt7p-specific effector proteins. These varia- GTP- and GDP-bound states will help to rationalize
observed properties of Ypt7p mutants. For further eluci-tions, each taken in part, are small, but they add up
and most probably become a specificity tag allowing dation of the structural determinants, more solved three-
dimensional structures are needed, especially of com-differentiation between the otherwise sequence- and
fold-similar Ypt/Rab proteins. plexes between Ypt/Rab proteins and different binding
partners.It is a common feature that the GDP-bound form of
Ras-related small GTP-binding proteins has a less well-
defined structure than the GTP-bound form. In particu- Experimental Procedures
lar, the important switch I and switch II regions are very
Cloning, Expression, and Purificationflexible when the protein is in complex with GDP, lacking
Cloning of truncated versions of Ypt7p was as follows: in order tothe -phosphate group that stabilizes these regions.
obtain the first Ypt7p truncation mutant, PCR with degenerated
This higher conformational mobility in the GDP-bound primers was performed on the original plasmid pET11a Ypt7 kindly
form might help proteins that interact promiscuously provided by Dieter Gallwitz (Go¨ttingen). The 5 primer was the stan-
dard T7 promoter primer (catalogue no. 69348-3; Novagen Inc.,with Ypt/Rab proteins in the GDP-bound form to over-
Madison, WI) and the 3 primer had the sequence 5-ATTTTCGGATcome variations in the amino acid sequence and topol-
CCTTAGCGAATA-3, containing a BamHI restriction site (bold) andogy at the interaction surface (e.g., GDP dissociation
a STOP codon (underlined). Both the amplicon and the pET11aYPT7inhibitor [GDI] [7]).
vector were cut with NdeI (which contains the start codon for YPT7)
and BamHI (New England Biolabs, Beverly, MA, and, respectively,
Amersham Pharmacia Biotech, Freiburg, Germany) and relegated
Biological Implications (T4 DNA ligase; Promega, Madison, WI). The vector obtained this
way was called pET11aYPT7C10. The protein encoded by this
vector was referred to as Ypt7pC10.The common key feature of Ypt/Rab proteins is believed
For the second truncation, another round of PCR with degener-to be the recruitment and/or activation of specific ef-
ated primers was performed on pET11aYPT7C10; the 5 primerfector molecules that bind exclusively to the GTP-bound
was again the T7 promoter primer, and the 3 primer was 5-CGGAT
form. On the one hand, Ypt/Rab proteins share a group CCTCGAGTTAAGCTTGATTCTG-3 ; it contained a BamHI and a
of binding partners that do not bind other members of premature STOP codon (underlined). The PCR amplicon was in-
serted in pET11aYPT7C10, based on the strategy outlined above,the Ras-superfamily, and on the other hand, individual
yielding pET11aYPT7C26. The protein encoded by this vector isYpt/Rab proteins have their specific binding partners.
referred to as Ypt7pC26. Both constructs were checked for errorsHigh-resolution crystal structures of representative mem-
in the coding region by nucleotide sequencing (BigDye terminatorbers of the Ypt/Rab family are needed in order to under-
kit; PE Applied Biosystems).
stand the crucial structural determinants for this binding The protocol for expression and purification was the same for
selectivity and specificity; the small variations between both Ypt7p constructs. The plasmid was transformed in E. coli strain
BL21(DE3), and colonies were selected on LB-agarose plates withthe members of the Ypt/Rab family cannot yet be pre-
125 g/ml ampicillin (or carbenicillin). Recombinant protein expres-dicted with high accuracy, making structure determina-
sion from 5l of LB media (125 g/ml ampicillin) was induced withtion the sole way of solving the problem. We have deter-
400 M IPTG at an OD600 of about 0.7. After 5 hr at 37C, the cellsmined and compared the crystal structure of the active
were harvested (20 min, 3000  g at 4C) and resuspended in lysis
(GTP-bound) form and the inactive (GDP-bound) form buffer (20 mM TRIS [pH 8.0], 10 mM MgCl2, 1 mM NaN3, 1 mM PMSF,
of the GTPase Ypt7p from S. cerevisiae. By comparison 1% Triton X-100, and 5 mM DTE). Cells were disrupted using a
fluidizer (Microfluidics, MA), and the lysate was cleared by ultracen-with the crystal structures of other members of the Ypt/
trifugation (60 min, 100,000 g at 4C). The supernatant was loadedRab family in the GTP-bound state, we highlighted fur-
onto a 400 ml Q-Sepharose column (Amersham Pharmacia Biotech)ther structural variations in the switch I and switch II
equilibrated with buffer A (20 mM TRIS [pH 8.0], 50 mM NaCl, andregions. Other regions which display significant confor-
5 mM DTE). After extensive washing, elution was achieved with a
mational differences within the Ypt/Rab-family could be linear gradient of 0%–90% buffer B (buffer A plus 450 mM NaCl) in
identified within the N- and the C-terminal regions as 6.5 column volumes. Fractions containing Ypt7p were pooled (200
ml of approximately 65%–70% purity, Coomassie staining of anwell as the loop regions L3 (2–3), L4/L5 (3–4), L7
SDS-PAGE) and brought to 70% ammonium sulphate saturation.(
3–5), and L8 (5–
4). It is most probable that these
The precipitate was pelleted by centrifugation for 20 min at 10,000regions together with the switch regions are responsible
g and 4C, resuspended in gel-filtration buffer (20 mM TRIS [pH 8.0],for the specificity of effector binding. Although Ypt7p
10 mM MgCl2, 5 mM DTE, and 25 M GDP) and loaded onto adisplays the common fold of all small GTP-binding pro- Superdex G75 26/60 gel-filtration column (Amersham Pharmacia
teins, helix 
2 is replaced by an extended loop (L4/L5). Biotech). Fractions containing pure (more than 95%, judged by SDS-
PAGE and Coomassie staining) Ypt7p were pooled and concen-The structure of the complex between Rab3a and its
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trated in a Centriprep concentrator with a 10 kDa cutoff (Amicon, program AMoRe [31]. A usable molecular replacement solution
could be found using Ypt51p•GppNHp (PDB entry code 1EK0 [23])Millipore) to about 10 mg/ml.
Nucleotide exchange was performed as described in [29]. Briefly, as a starting model. The Ypt7pC26 crystals were phased using
the partially built Ypt7pC10 model. Initial refinement was per-36 mg of protein was incubated with a 10-fold M excess of GppNHp
in the presence of calf intestinal alkaline phosphatase (100 I.U. per formed using CNS [32]. High-resolution refinement was performed
against Is using SHELX97 [33]. The same set of free-R-flagged re-M GTPase) in a buffer containing 50 mM TRIS (pH 8.5), 200 mM
(NH4)2SO4, 5 mM DTT, and 10M ZnCl2 at room temperature. Excess flections [34] was used in both programs (CNS and SHELX). For
Ypt7pC26•GDP in the refinement with SHELX, anisotropic dis-GppNHp, as well as guanosine, were removed by passing the reac-
tion mixture through a NAP5 column (Amersham Pharmacia Biotech) placement was modeled. After each refinement round, the model
was checked and rebuilt against A-weighted maps; map displayequilibrated with the gel filtration buffer but without GDP. Nucleotide
content and reaction progress was checked by HPLC. and model rebuilding was done in the program O [35]. Final model
analysis was performed using the program Swiss PDB Viewer [36].
Images were created using the programs MolScript [37], BobScriptCrystallization
[38], and GRASP [39] and rendered with Raster3D [40] or POV-RayAll crystallization trials were performed at 20C in hanging-drop
(http://www.povray.org).geometry. Crystallization droplets consisted of equal amounts of
protein solution (7–9 mg/ml) mixed with reservoir solution. Reservoir
volume was 750 l in the case of GppNHp trials and 500 l in the Acknowledgments
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